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We construct four dimensional gauge theories in which the successful supersymmetric unification 
of gauge couplings is preserved but accelerated by N-fold replication of the MSSM gauge and Higgs 
structure. This results in a low unification scale of 10 13//JV TeV. 
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The unification of gauge couplings jl], ^ in the minimal 
supersymmetric standard model (MSSM) || Q is one of 
the strongest hints for the structure of physics at and 
above the TeV scale. This success is so striking it seems 
unlikely to have arisen accidentally. Usually it is argued 
that this unification depends on the absence of new par- 
ticles and interactions beyond those of the MSSM and 
a desert stretching from the electroweak scale at v ~ 1 
TeV to the GUT scale near M G ~ 10 13 TeV. We have 
of course never directly observed unified gauge couplings 
at such a high scale — instead we infer this unification by 
scaling unified couplings from Mq to the low scale v, 
which gives the experimentally successful relations 
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(h - 6 2 )mssm log(M G /w) (1) 
O2 - &i)MSSMlog(M G /w) (2) 



These relations are obtained by assuming the absence of 
any charged matter in the energy desert between v and 
Mq other than multiplets, like the MSSM generations, 
that fill out complete SU(5) representations. Such rep- 
resentations make equal contributions to 63.2,1 and thus 
affect neither the success of unification nor the scale Mq- 
Unification thus follows from the MSSM gauge and Higgs 
structure. 

Successful unification is usually viewed as strong evi- 
dence for a high fundamental scale. We show that this 
conclusion is unwarranted: by replicating the MSSM 
gauge and Higgs structure V times we construct mod- 
els in which the gauge couplings unify as in the MSSM 
but at a far lower scale, M v ~ 10 13 / N TeV. 

Imagine N copies of the MSSM gauge and Higgs struc- 
ture, with fine-structure constants a 2 l \ ajt , where 
at the scale Mjj — a 2 = <dp = ocq . The relative 
running of each copy of the d = SU(3)i x SU(2)i x U(\) t 
gauge couplings is as in the MSSM: 
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(h - Mmssm \og(Mu/y) (3) 
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= {h - &i)mssm log(Mu/fJ.) (4) 



Now suppose that at the scale v we higgs these N copies 
of the MSSM gauge group down to the diagonal MSSM 
gauge group. The diagonal gauge couplings obtained by 



tree level matching at the scale v are: 
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Combining these equations we obtain the relative size of 
the low energy gauge couplings 
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= (b 3 - 6 2 ) MS SMlog (Mff/v N ) 

= (62-6 1 ) MS SMlog (Mff/V N ) 

1 with 



a 2 (v) ai(v) 
This is identical to the MSSM result (II 



Mrr = v(^-\ ^10 13 / w TeV 
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In equations (||),(0) we have assumed that the fields re- 
sponsible for higgsing to the diagonal subgroup fill out 
complete SU(b) multiplets and do not affect the relative 
running. We have also assumed that the unification scale 
is the same for each group Gi. 

We now describe an explicit model which implements 
this simple mechanism. The model is conveniently sum- 
marized in the "moose" (or "quiver" ) diagram of figure ^: 
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FIG. 1: A Model 
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Each site contains an MSSM gauge group Gi = 
SU(3), x SU(2)i xU(l), and a pair of Higgs doublets. All 
but the leftmost site contain an additional U(l)x t ■ These 
U(l)xi gauge groups will be necessary to stabilize our de- 
sired pattern of symmetry breaking. The charges for the 
U(l)i and U(l)xi will be chosen orthogonal, eliminat- 
ing any mixing between the corresponding gauge bosons. 
Since the MSSM generations fill out complete SU (5) mul- 
tiplets it is not necessary to replicate them. They may 
be incorporated into the model in a variety of ways. We 
might for example have them all charged under only G±, 
or we may place them on different sites in the moose. 

We assume that the couplings of the gauge group Gi 
unify as before at a scale Mr/. The U(l)xi coupling may 
or may not unify with those of Gi at this scale. The 
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links with arrows pointing from the ith site to the (i + 
l)th site are chiral superfields F;. These fields fill out 
complete multiplcts of the global Hi = SU (5) j symmetry 
into which each Gi is embedded, transforming as (5,5) 
under the global SU(5)i x SU(5) i+ i. The field F* can be 
represented by a 5 x 5 matrix: 

(£ t) < 9 > 

where under the gauge symmetries [Gj,Gj+i] these 
fields transform as </> 3 ~ [(3, l)_i/3, (3, 1)1/3] , 4>2 ~ 
[(l,2) 1/2 ,(l,2)_ 1/2 ], </> x ~ [(3,l)_ 1/3 ,(l,2)_ 1/2 ], 4> y ~ 
[(1, 2) 1/2 , (3, l) 1/3 ] . The F also have (Z7(l) Xi , U(l) Xi+1 ) 
charges (1,-1). The links with arrows pointing to the 
left are chiral superfields F; transforming according to 
the conjugate representation. As these fields fill out com- 
plete SU(5) multiplets they do not affect unification. We 
may also include additional vector-like fields that fill out 
complete multiplets under these global SU(5)i symme- 
tries. 

We include mass terms in the superpotential for the 
Fi,Fi fields: 

W = ^2ixiHFiFi (10) 

i 

where for notational convenience we have assumed the 
masses of all the components of F are the same. In or- 
der to higgs down to the MSSM gauge group the fields 
4>3 and (j)2 need to acquire vacuum expectation values 
4 } = v$h 3 , 4 ] = 4 l) l2 with vjptV^ ~ v. (Since 
these fields carry U(l) charges these vevs suffice to higgs 
the full MSSM gauge group down to the diagonal sub- 
group.) We can produce these vevs in the same way 
that a vev for the MSSM Higgs field is triggered, via 
soft SUSY breaking masses m\ 2 x y . If fi 2 + rh 2 2 < 
and /i 2 + fn^y > 0, the </>3, 2 will acquire vevs. The 
stabilizing quartic potential is provided by the D-terms. 
With only the 677(3); x 577(2); x U{l)i contributions 

(i) (i) 

a D-flat direction with v 3 — v 2 would not be sta- 
bilized. The U(l)xi have been included to provide an 
additional D-tcrm which stabilizes this direction. This 
higgses the theory down to the diagonal MSSM gauge 
group. All the U{l)xi gauge bosons, together with all 
the fcrmionic components of the F, F superfields, become 
massive. Thus this simple theory gives accelerated unifi- 
cation with no exotic states at very low energies. 

If the Hi are large compared to the SUSY breaking 
soft masses, no vevs are triggered. This is similar to the 
"/Li" problem of the MSSM. We will simply choose the fa 
to be of order v. Since the vevs which higgs the large 
gauge symmetry down to the MSSM gauge group are 
triggered by SUSY breaking, as is electroweak symmetry 
breaking, these vevs are near a TeV. They can be some- 
what larger since they are only stabilized by the U(l)x 



D-terms: a small U(l)x gauge coupling yields a para- 
metrically larger scale. If the U(l)xi gauge couplings 
also unify with the Gi couplings at the scale Mjj, they 
are naturally the smallest couplings at v since they have 
the largest /3-function. 

At energies somewhat larger than a TeV this theory 
has many new particles beyond those of the MSSM, in- 
cluding an ~ AT- fold spectrum of massive gauge bosons, 
Higgs particles, link fields and their superpartners. 

The additional Fj,Fj states contribute to the running 
of each individual gauge group Gi. We should therefore 
check that all the gauge couplings remain perturbative at 
scales between v and Mjj. Since the are the largest 
gauge couplings at each site at all scales, we need only en- 
sure that these couplings remain perturbative. For sim- 
plicity we will assume that the MSSM generations are 
only charged under G\. The /3-function coefficients for 
the af are 6« = 2,b^-> N ~ 1) = 1, and - -4. 
Since all but CK3 are infrared free, it is sufficient to 
choose the off perturbative for i — 1, . . . , N ~ 1, and to 
require ol£* (v) > 0. Combining with (||) and running 
up to the scale M\j gives: 
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As long as these inequalities are satisfied the theory re- 
mains weakly coupled between the scales v and M\j. 
These /3-functions and the condition of perturbativity 

(i) 

preclude the case where the are all equal. If we 
had included additional vector-like multiplets transform- 
ing under Gjv, the /3-function coefficient would be 
different and could relax these constraints. For example 
for = — 1 equal are possible for any value of N . 

The general mechanism of accelerated unification is 
easily incorporated in other models. For example an even 
more minimal model can be obtained by using link fields 
that fill out complete multiplets under the "trinified" 
group Hi = SU(3)j x SU(3) 2 x S77(3)f §, § rather than 
SU(5) multiplets. A simple choice is F^ 1 transforming un- 
der [Hi,H i+1 ] as [(3, 1,1), (3, 1,1)] and Ff' 3 defined by 
cyclic permutation, together with the conjugate represen- 
tations F ' ' . In addition to mass terms the superpo- 
tential contains cubic interactions J^- Ai.2,3 det F i ' ' + 
conjugate. These renormalizable interactions lift all 
the flat directions, eliminating the need for the U(l)xt 
gauge groups of the previous model. SUSY breaking 
soft masses which destabilize F 1,2 produce the correct 
pattern of symmetry breaking, higgsing to the diagonal 
MSSM gauge group with no exotic particles at low ener- 
gies. These link fields make smaller contributions to the 
Gi /3-functions: for the MSSM generations all charged 
under G u 6« = 0,bg'- N -V = -3, and &f > = -6. 
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Therefore all but the first group are asymptotically free, 
and all gauge couplings will remain perturbative at all 
scales above v as long as 
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Again the case of equal cxq is precluded without the 
addition of extra fields charged under Gat. 

The formulas do not include various threshold 

corrections |?| . Although these corrections depend on the 
details of the model such as the complete mass spectrum, 
the general size of these effects are easily estimated. The 
unification relation is most conveniently expressed as a 
prediction for in terms of the more accurately mea- 
sured couplings a i 2- The threshold corrections are sim- 
ilar in size to those of the MSSM, except multiplied by 
N. The resulting prediction for a% is 

^ = ^(^-H^U- + ™ (is) 

where the last term CN represents the threshold correc- 
tions and C is a constant which depends on group theory 
factors and the detailed mass spectrum of the theory, but 
is parametrically independent of N. In addition to these 
threshold corrections there are two-loop running correc- 
tions of comparable magnitude. These terms produce a 
fractional change in a 3 of size 
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Roughly speaking, since the size of the matter content 
under each gauge group is not dramatically different from 
the MSSM, these corrections are of order N times larger 
than the MSSM threshold corrections. Note that this 
means we cannot take N arbitrarily large — if N becomes 
too large these threshold corrections would destroy the 
successful MSSM prediction unless the parameters con- 
spire to make C small, in which case the success of the 
MSSM would be an accident. The precise size of C and 
the corresponding limit on N is model-dependent. For 
N as small as 2, these corrections should be negligible 
for most reasonable choices of parameters, while for N 
as large as 60 the opposite is true. Intermediate values 
interpolate between these two extremes. The exponen- 
tial dependence of Mjj on N means that a low unification 
scale does not require a large value of N: already for N 
of 6, the unification scale is near 100 TeV. 

Given the low unification scale we might wonder 
about other unification phenomena. A qualitative suc- 
cess of the usual desert is the proximity of the GUT scale 



and the Planck scale, a relation absent here. It is never- 
theless possible that the Planck/string scale is Mjj, with 
the usual phenomenology associated with a low quantum 
gravity scale 0. With such a low scale, proton decay be- 
comes an important constraint. This can be dealt with 
in a number of ways familiar from theories of TeV scale 
quantum gravity (see for example J9|). 

It is also possible that the quantum gravity scale re- 
mains high, with a purely gauge theoretic unification at 
My. Proton decay can be avoided in this case as well. 
We might consider unifying all but the left-most group in 
figure [l] into SU(5). By placing the MSSM generations 
on this first site we can enforce baryon number symme- 
tries which prevent dangerous proton decay jl(|. Or we 
could contemplate a model in which each Gi is unified 
into a trinified group. 

Accelerated unification with a high fundamental scale 
for 4-dimensional quantum gravity allows for new physics 
between Mjj and Mpi anc k. Unlike conventional unifica- 
tion which requires a desert from 1 TeV to Mq , our mod- 
els allow even strongly coupled dynamics at intermediate 
scales. An example might be the strongly coupled CFT 
dynamics dual to RS type models Q. 

The model of figure [l] looks very much like a decon- 
structed extra dimension jl2| Extra-dimensional 
models with a low unification scale have been proposed 
in ]l4| , where the power-law running of the gauge cou- 
plings in a (compactified) extra dimension provides faster 
unification. In straightforward deconstructions of these 
power-law unification models, holomorphy of the result- 
ing 4-d supersymmetric moose model allows reliable com- 
putation of the running of the gauge couplings, even 
at strong coupling. The results confirm the power-law 
running of ]l4| , but demonstrate UV sensitivity to the 
precise way in which the 5-dimensional theory is com- 
pleted p5| . Power-law running does occur in the regime 
where the theory looks 5-dimensional. However in de- 
constructed examples, corrections from the scale where 
the theory transitions to a 4-dimensional gauge theory 
typically destroy the unification of the couplings. For ex- 
ample in two different deconstructions, which look iden- 
tical below the scale at which the 5th dimension forms, 
the values of the high energy MSSM gauge couplings are 
completely different. 

By contrast in our model of accelerated running, the 
phenomena which results in a low unification scale is 
occurring at energies above the scale where, for large 
N, a 5th dimension would form. The power-law run- 
ning effects from below this scale are incorporated in the 
threshold corrections proportional to N in equation (|l^) . 
For small N the accelerated unification effects, which 
come from running at high energies, dominate over these 
threshold effects. 

Although inspired by deconstruction of power-law 
running in higher dimensional field theories, acceler- 
ated unification demonstrates a completely non-extra- 
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dimensional phenomenon. As emphasized in JT3], "the- 
ory space" provides a much richer set of possibilities 
than field-theoretic extra dimensions, which arise as a 
special case. As in other examples |l6|, [l7], [p], 
Hi [2TJ the power of deconstruction lies in its ability 
to construct purely four-dimensional models exhibiting 
surprising field-theoretic phenomena, with no higher- 
dimensional interpretation. 

The phenomenology of accelerated unification models 
at the TeV scale involves a plethora of new particles be- 
yond those of the MSSM. It is these particles at the TeV 
scale which are responsible for lowering the unification 
scale to more accessible energies. Exploration of this 
phenomenology offers exciting opportunities for future 
experiments. 
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